Introduction
Monitoring the level of Cu 2+ ion in environmental and biological specimens is an important task as any deficient or excess uptake of Cu 2+ ions can cause various health problems. 1, 2 This is because Cu 2+ ion plays a major role in various metabolic pathways, [3] [4] [5] and excess uptake of Cu 2+ can build up in the kidneys, brain, and eyes to cause neurological problems, liver failure or kidney dysfunction. [6] [7] [8] Due to its important role, a large number of methods have been developed for the quantitative determination of metal ions in aqueous solution, [9] [10] [11] such as electrochemical methods, 12 chromatography-based methods, 13, 14 microfluidic devices, 15 and spectroscopic methods. [16] [17] [18] However, most of the above methods require expensive equipment or complicated detection procedures, as well as the usage of environmentally unfriendly organic solvents. To simplify the detection of Cu 2+ ion, sensing systems based on quartz crystal microbalance, 19 electrochemistry, 20,21 fluorescence, [22] [23] [24] and colorimetry [25] [26] [27] [28] [29] have been developed toward a sensitive and selective means for fast detection of Cu 2+ ions. Among these techniques, colorimetric methods based on nanostructures (NSs) are simple in determination of Cu 2+ ions but also suitable for visual sample screening. To cause a color change responding to the concentration of analytes, the surface plasmon resonance (SPR) effect from metal NSs is used. Through inducing aggregation or anti-aggregation of the metal NSs by the targeted ions, an SPR band shifting or broadening can be obtained for colorimetric detection. To improve the selectivity in detection, the surface of NSs is commonly functionalized with a thin layer of molecules to interact with target ions selectively. 30 On the other hand, colorimetric methods require a fabrication step to produce suitable metal NSs and a functionalization step to modify the surface of metal NSs for selective interaction with the targeted analyte. These two-step methods in the preparation of functionalized metal NSs were time-consuming and tedious in preparation.
To overcome the weakness in preparation of functionalized metal NSs, a photoreduction method was proposed in this work. This proposed method allows for the preparation of silver nanoparticles (AgNPs) and functionalization of the AgNPs surface simultaneously. To accomplish this goal, tyrosine (Tyr) is used as a photoactive species to trigger the photoreduction of silver ions to form AgNPs, while the photoreaction product of Tyr (oxidized Tyr, denoted as Tyr Ox ) is used to functionalize the AgNPs surface through quinone ring, allowing exposure of amino acid group in the tail of Tyr to the aqueous media for rapid interaction of Cu 2+ ions. Functionalized AgNPs (Tyr Ox @ AgNPs) are used as colorimetric probes and their abilities for
In this work, a simple method was developed to simultaneously fabricate silver nanoparticles (AgNPs) and modify their surfaces with recognition functional groups for colorimetric detection of Cu 2+ ions. To prepare the AgNPs with proper functional group on their surface for detection of Cu 2+ ions, photochemical reaction was employed and a photoactive species of tyrosine (Tyr) was used to trigger the photoreduction of AgNPs, while the oxidized Tyr (Tyr Ox ) was used to functionalize the AgNPs surface at the same time. To understand the behaviors, the prepared color AgNPs colloidal solution was characterized by UV-visible spectrometer, FT-IR spectrometer, dynamic light scattering (DLS), X-ray photoelectron spectrometer (XPS) and density functional theory (DFT). Based on DFT calculation results, Tyr Ox was adsorbed on the surface of AgNPs by the quinone ring and its functional group of amino acid was freely exposed to the aqueous media for rapid interaction of Cu 2+ ions. Based on detection of different metal ions, Tyr Ox @AgNPs were selective to interact with Cu 2+ ions through formation of highly stable Cu detection are explored for construction of a sensitive colorimetric method for determination of Cu 2+ ions. The concept of our proposed method is schematically shown in Fig. 1 . As can be seen in this figure, Tyr is used to assist the photochemical formation of AgNPs, while its reaction product is used to modify the surface of AgNPs. The significant simplification of the preparation procedure improves the reproducibility in production and the feasibility for mass production. Meanwhile, Tyr Ox @AgNPs can be prepared right before copper detection, which eliminates the storage problem. However, the compounds to work as a photoreduction agent and a surface modifier are limited, which may sacrifice the sensitivity in detection. For instance, thiomalic acid (TMA) modified AgNPs (TMA@AgNPs) have been prepared with a conventional two-step method with a detection limit of 1 nM in the detection of Cu 2+ ions. 29 However, this kind of method suffers from the commonly associated weaknesses of the two-step method, including the long preparation time and the instability caused by aggregation of particles after preparation. In considering the required sensitivity for practical applications, a method with a detection limit lower than 1 nM is not essential. For instance, the concentration of Cu 2+ ions in human urine samples ranges from sub μM to several μM. 31, 32 For environmental samples, the concentration of Cu 2+ ions ranges from a few μM to several hundred μM based on the guidelines of the World Health Organization (WHO) for drinking-water quality. 33 Therefore, even with a slight degradation of the sensitivity, our developed method provides a simple route to prepare the sensing materials with a sensitivity acceptable for practical determination of Cu 2+ ions.
Experimental
Chemicals and materials AgNO3 was purchased from ProChem (Rockford, MI). Tyr was obtained from Acros Organics (Phillipsburg, NJ). HNO3 was purchased from J. T. Baker (Phillipsburg, NJ) and KOH was obtained from Shimakyu's Pure Chemicals (Osaka, Japan). Metal salts of BaCl2, CaCl2, CdCl2, CoCl2, CuCl2, FeCl2, HgCl2, MgCl2, NiCl2, and ZnCl2 were purchased from various chemical companies (Aldrich, Merck, Acros and Alfa Aesar). All these chemicals were reagent grade and used as received.
Equipment
The functionalized AgNPs were monitored periodically in a double beam UV-visible spectrophotometer Model U-3000 (Hitachi, Ltd., Tokyo, Japan). The as-prepared AgNPs colloids were examined by transmission electron microscope (Model HT7700, Hitachi, Tokyo, Japan).
X-ray photoelectron spectroscopic (XPS) measurements were carried out on a PHI Quantera spectrometer (Physical Electronics, Inc, Chanhassen, MN) and the PF4 (peak fit 4) software was used to deconvolute the narrow scan XPS spectra. All XPS spectra were chargecorrected using the C 1s peak at 285.5 eV. Zeta potential of the formed AgNPs was measured directly without any further treatment and a Malvern series 4700 (Malvern Instruments Ltd., Worcestershire, UK) dynamic light scattering (DLS) apparatus was used, which was equipped with the 7132 multiple-t autocorrelator recording on 128 channels. The scattering angle was fixed at 90 under a constant temperature of 30 C. The functionalized AgNPs colloidal solution (all the samples were drop coated on ZnSe crystal) were subjected to an FT-IR spectrometer (Perkin Elmer 100, Perkin Elmer Inc., Waltham, MA) equipped with a deuterated triglycine sulfate (DTGS) detector. Spectra were collected with a resolution of 4 cm -1 for 16 scans. UV box (TS-UV, De-Yun, Ltd., Taipei, Taiwan) operated at 30 W with a wavelength range of 320 -400 nm was used as a UV light source for photochemical reaction.
Photochemical production and functionalization of AgNPs
Reaction solution was prepared by mixing AgNO3 and Tyr solution to form an aqueous solution containing 1 mM AgNO3 and 20 μM Tyr. This solution was stirred by magnetic stirrer at room temperature for 5 min to ensure a formation of silver ion-tyrosine (Ag + -Tyr) complexes. The color of the solution was changed from non-transparent to colorless with 5 min of stirring time. The pH of the formed solution was further adjusted with 0.01 M HNO3 or 0.5 M KOH. This aqueous solution was moved to UV box for UV irradiation. Based on our previous study, 34 UV irradiation time of 120 min was sufficient to complete the formation of AgNPs under assistance of amino acid. Therefore, UV irradiation time was kept at 120 min in this study. Because the temperature of the sample was increased after UV irradiation, the sample bottle was removed from the UV box then placed into an ice-water bath to limit further aggregation of AgNPs by the thermal energy. 
Results and Discussion

UV-vis spectroscopic investigation on Tyr-induced formation of AgNPs
Tyr contains amino acid group to have a strong interaction with Cu 2+ ions. Therefore, Tyr was used in this work for simultaneous formation of AgNPs, while oxidized Tyr was used to modify the surface of the AgNPs at the same time. To ensure that AgNPs can be properly produced via Tyr-induced photoreduction, UV-vis spectra were first acquired for the solutions of 1 mM AgNO3, 1 mM Tyr, 1 mM AgNO3/20 μM Tyr, 1 mM AgNO3/20 μM Tyr at pH 8.5, and 1 mM AgNO3/ 20 μM Tyr at pH 8.5 with 120 min UV irradiation (AgNPs colloidal solution). The obtained spectra are plotted in Fig. 2 . Based on this figure, the solution of 1 mM AgNO3 did not have any distinct absorption band above 250 nm, while Tyr showed an π-π* transition absorption band at 273 nm. For the solution of 1 mM AgNO3/20 μM Tyr, only a weak absorption band was observed at 273 nm, which reveals that formation of the Ag + -Tyr complex is not pronounced when the solution pH was not adjusted. After adjustment of the solution pH to 8.5 by KOH solution, the detected spectrum showed three distinguishable absorption bands at 283, 309 and 367 nm. The π-π* transition absorption band of Tyr at 273 nm was red shifted to 283 nm under basic pH. The other two absorption bands at 309 and 367 nm are mostly likely caused by the Ag + -Tyr complex after interacting with Ag + -(OH -)2 complex, which is thermodynamically stable in basic solution. 35 After UV irradiating the solution of 1 mM AgNO3/20 μM Tyr at pH 8.5 for 120 min, the obtained spectrum showed an absorption band (λmax) at 404 nm, which was caused by the surface plasmon resonance (SPR) band of AgNPs. On the other hand, AgNPs could be successfully produced photochemically. The production of AgNPs by photochemical reaction may involve formation of tyrosyl radical (Tyr-O • ) as Bent et al. has shown that tyrosyl radical (Tyr-O • ) and hydrate electron (eaq -) could be formed under basic condition when Tyr was exposed to high intense UV irradiation. 36, 37 To further verify, as-prepared AgNPs were subjected to TEM analysis. The obtained TEM image is plotted in the insert in Fig. 2 . As can be seen in this image, well dispersed AgNPs could be observed and the particle size is 8.7(±1.0) nm calculated from the TEM image.
Characterization of the surface of photochemically produced AgNPs
AgNPs could be successfully produced at pH 8.5 as demonstrated in the previous section. In this reaction, Tyr is converted to an oxidation form to effectively reduce silver ions. Under the condition that a strong enough interaction is generated between the AgNPs and Tyr Ox , the oxidation form of Tyr (Tyr   Ox   ) is also able to act as surface functionalization agent to modify the surface of AgNPs at the same time. Therefore, the chemical form of the Tyr Ox is important as it works latterly for selective interaction with Cu 2+ ions. Also, the stability of the surface modified AgNPs relies on the strength of the interaction between Tyr Ox and AgNPs. Therefore, FT-IR, DLS, and XPS analyses were performed to characterize the surface properties of the AgNPs after photoreactions. By drop coating of as-prepared AgNPs (denoted as Tyr Ox @AgNPs,) on ZnSe ATR crystal, IR measurement was performed. The obtained spectrum is plotted in Fig. 3 along with the spectrum of neat Tyr in solid form. Many intense bands of neat Tyr, which have been assigned in the literature, 38 can be identified as 1607/1585 cm -1 for C=C vibration/-NH2 bending, 1329 cm -1 for C-H/C-O bending, 1243 cm -1 for phenolic C-O bending, and 841 cm -1 for C-H deformation.
For Tyr Ox @AgNPs colloids, IR bands are broadened with diminishing of some absorption features. Major bands are identified at 1610 cm -1 for C=C stretching/-NH2 bending, 1509 cm -1 for C=C stretching, 1344 cm -1 for carboxylate symmetric stretching/C-H deformation, 1025 cm -1 for deformation of ring C-H, and a broad/overlapped band at 863 cm -1 for N-H/C-H/C-O deformation. In contrast, the vibration band for phenolic C-O bending at 1243 cm -1 disappeared in Tyr Ox @AgNPs colloids, which may indicate that the phenolic hydroxyl group in Tyr is converted after photoreduction. According to several studies on the formation of metal NPs using amino acid as reducing agent, [39] [40] [41] [42] the phenol group in Tyr is likely converted into semi-quinone after photoreaction, which agrees with our observation. On the other hand, the chemical form of Tyr Ox exhibits three types of functional groups as carboxylic acid, amine and a quinine group. To examine which functional group is responsible to adsorb on the surface of AgNPs, as-prepared Tyr colloidal solution have a very highly negative surface charge with an estimated value of -78.2(±4.4) mV. This high negative surface charge rules out the possibility of the carboxylate group interacting with AgNPs because the zeta potential should be much less than our observed value if carboxylate interacts with AgNPs.
To further examine the surface binding of Tyr Ox @AgNPs, a portion of Tyr Ox @AgNPs colloidal solution was coated on a silicon substrate to form a thin film for XPS analysis. The obtained XPS spectrum of Tyr Ox @AgNPs is plotted with respect to core levels of Ag 3d, O 1s, C 1s and N 1s as shown in Figs. 4a -4d . The individual core level in XPS spectrum was background corrected using the Shirley algorithm prior to curve resolution. In Fig. 4a , the Ag 3d core level spectrum shows two chemically distinguished spin-orbit pairs of Ag 3d5/2 and 3d3/2 located at 368.4 and 374.4 eV, respectively. These observations clearly indicate that silver atoms were presented in the formed Tyr Ox @AgNPs colloidal. Meanwhile, the binding energy at 368.4 eV is the characteristic peak for electron emission from the silver nanocore. Based on the core spectrum of O 1s, Tyr has two chemically distinguished components located at 532.6 and 533.4 eV for carboxylate oxygen and quinone oxygen, 43 respectively. The C 1s core level spectrum shows that three chemically different carbon components at 285.7, 286.3 and 289.6 eV for C-C peak, carbon adjacent to the carboxylic acid group (C-COO -) and high binding energy component observed for carboxylate carbon, respectively. Thus, the resulting high binding energy of COO -shows that the carboxylic acid group in Tyr Ox is not binding with the surface of the silver atom. Thus, XPS of C 1s core level deconvolution data rule out the surface binding of COO -group on AgNPs, which is similar to results of zeta potential measurement. In addition, Tyr
Ox @AgNPs has one nitrogen atom with a binding energy at 400.7 eV (Fig. 4d) . This binding energy can be assigned to the neutral amine nitrogen component. As a result, the amine group is also not attached to the surface of the silver atom. The above XPS curve fitting analysis revealed that Tyr Ox molecules were absorbed on the AgNPs surface via carboxylate oxygen of quinone ring with terminal carboxylate and amine group, respectively.
DFT studies on binding nature of Tyr on Ag surface
To corroborate the experimental observations (FTIR, DLS and XPS analysis), the density functional theory (DFT) was used. All the calculations were carried out in water (ε = 78.35) phase using SMD 44 model at M06 45 level of theory implemented in Gaussian 09 program. 46 Several possible binding sites on Tyr ligand with Ag metal, such as "OH" (phenolic OH), "keto" (carboxylate oxygen of quinone ring) as well as terminal "carboxylate" and "amine" groups, were considered. The most stable structures based on calculation of these possible sites are shown in Fig. 5 (1st row) . These optimized stable structures of Tyr and their corresponding Ag metal complexes examined for HOMO-LUMO interaction in ground state geometry at solvent phase are shown in Fig. 5 (2nd to 4th row) . Results indicated that Ag were placed at various positions of Tyr for the interactions and the Ag binding on both "terminal carboxylate", and "keto" groups on benzene ring have been observed to be the most stable structures. When "OH" group (phenolic) presents on the benzene ring, the "terminal COO" group of the tyrosine interacts strongly with the Ag metal atom. On the other hand, when the system contains the keto (-C=O) group on the benzene ring, the Ag interacts strongly with the keto (-C=O) group rather than "terminal COO" group. The binding energy for the Ag metal interaction with the "terminal carboxylate (COO -)" and "keto" groups on benzene ring (quinone type) are observed to be -5.13 and -8.13 kcal/mol, respectively. The Frontier Molecular Orbital (FMO) diagram was also elucidated to show the electron localization on the respective functional groups, where the metal could interact. The HOMO-LUMO gap was observed to be reduced when we added the Ag metal on the tyrosine (Table 1) . Our results suggested that the OH group in Tyr (phenolic OH) is a highly photoactive group, which undergoes hemolytic cleavage between oxygen and hydrogen bond under UV irradiation. Fig. 6b . Concentration of metal ion was kept to 20 μM and as-prepared Tyr Ox @AgNPs colloids were diluted three times in these detections. As can be seen in this figure, Cu 2+ ions selectively interact with Tyr Ox @AgNPs to result in a significant shifting of SPR band from 404 to 557 nm. By dividing the absorbance at 557 nm to the absorbance difference at 404 and 557 nm, a quantitative parameter can be constructed as A557/(A404-A557). By plotting A557/(A404-A557) for every examined metal ion, Tyr Ox @ AgNPs are selective for the detection of Cu 2+ ion as shown in Fig. 6c . The color change from light yellow to brown was observable for only Cu 2+ ions, as shown in Fig. 6 . This visual color change was further characterized by TEM analysis and a serious aggregation of Tyr Ox @AgNPs was observed after experienced with Cu 2+ ion, as shown in the inserted TEM image in Fig. 6c . For quantitative analysis, the value of A557/(A404-A557) was used to construct the calibration curves for Cu 2+ ion and the obtained results are plotted in Fig. 6d . A linear curve with a linear regression coefficient (R 2 ) of 0.994 was obtained in the Cu 2+ ion concentration lower than 8 μM. The prepared Tyr Ox @ AgNPs were sensitive in responding to Cu 2+ ion as the detection limit in the detection of Cu 2+ ion approached 150 nM.
Conclusion
In this work, we have developed a simple colorimetric method ions showed that the response curve is linear up to 8 μM with a detection limit close to 150 nM.
